Although an association between chilling tolerance and aquaporins has been reported, the exact mechanisms involved in this relationship remain unclear. We compared the expression profiles of aquaporin genes between a chilling-tolerant and a low temperature-sensitive rice variety using real-time PCR and identified seven genes that closely correlated with chilling tolerance. Chemical treatment experiments, by which rice plants were induced to lose their chilling tolerance, implicated the PIP1 (plasma membrane intrinsic protein 1) subfamily member genes in chilling tolerance. Of these members, changes in expression of the OsPIP1;3 gene suggested this to be the most closely related to chilling tolerance. Although OsPIP1;3 showed a much lower water permeability than members of the OsPIP2 family, OsPIP1;3 enhanced the water permeability of OsPIP2;2 and OsPIP2;4 when co-expressed with either of these proteins in oocytes. Transgenic rice plants (OE1) overexpressing OsPIP1;3 showed an enhanced level of chilling tolerance and the ability to maintain high OsPIP1;3 expression levels under low temperature treatment, similar to that of chilling-tolerant rice plants. We assume that OsPIP1;3, constitutively overexpressed in the leaf and root of transgenic OE1 plants, interacts with members of the OsPIP2 subfamily, thereby improving the plants' water balance under low temperatures and resulting in the observed chilling tolerance of the plants.
Introduction
As rice is cultivated throughout the tropical and subtropical zones, its growth rate and yield are severely affected by chilling stress. In general, plants with acquired chilling tolerance accumulate intracellular sucrose and monosaccharide or are able to desaturate membrane phosphatides ( Wu et al. 1997 , Xin et al. 1998 . Theses characteristics are related to water movements and the associated changes in osmotic pressure. Exposure of rice seedlings to low temperatures causes leaf roll and, in low temperature-sensitive rice varieties, the leaves wither and die even if the seedlings are returned to warm conditions. This phenomenon is thought to be due to the breakdown in control of the root and leaf water balance; a process in which aquaporins play a signifi cant role. Water, taken in through the root epidermis, is loaded into the xylem vessels via the root endodermis and then transported to the upper leaves. The plasma membrane aquaporins [plasma membrane intrinsic proteins (PIPs)] are also located in the epidermis and endodermis of rice roots and there regulate the plants' water balance. Murai-Hatano et al. (2008) compared the osmotic exudation from roots under low temperature (10°C) and in roots treated with mercury (an aquaporin inhibitor) and found a similar reduction in osmotic exudation in the two cases, suggesting that aquaporins may function in the control of the plant water balance under low temperatures.
In rice, 33 aquaporins were reported by Sakurai et al. (2005) and, more recently, 38 aquaporins by Forrest and 
Role of the Aquaporin PIP1 Subfamily in the Chilling Tolerance of Rice
Tadashi Matsumoto 1 , Hong-Li Lian 2 , Wei-Ai Su 2 , Daisuke Tanaka 1 , Cheng wei Liu 1 , Ikuko Iwasaki 1 and Yoshichika Kitagawa 1 , * Bhave (2007) . Rice aquaporins are classifi ed into four major families based on their amino acid sequences: the plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), Nod26-like intrinsic proteins (NIPs) and the small and basic intrinsic proteins (SIPs). The importance of aquaporins in environmental stress responses has been demonstrated through gene expression analyses of various plants species and the characterization of transgenic plants expressing these aquaporins. For example, repression of PIP1 and PIP2 expression in Arabidopsis plants or of NtAQP1 expression in tobacco plants enhanced the acquired water stress tolerance of these plants ( Martre et al. 2002 , Siefritz et al. 2002 . On the other hand, tobacco plants overexpressing PIP1b and rice plants overexpressing HvPIP2;1 became hypersensitive to dehydration and salt stress ( Aharon et al. 2003 , Katsuhara et al. 2003 . In contrast, transgenic rice plants overexpressing RWC3 (OsPIP1; 3) and tobacco plants overexpressing BnPIP1 showed enhanced dehydration tolerance ( Lian et al. 2004 , Yu et al. 2005 . In addition, Arabidopsis plants overexpressing aquaporins showed improved seed germination under low temperatures or salt stress ( Jang et al. 2007a , Jang et al. 2007b . Despite these numerous reports of changes in plant tolerance to environmental stress by aquaporin overexpression, there are no reports to date of an increase in acquired chilling tolerance of transgenic plants that express aquaporins.
Here, we compared the expression profi les of genes encoding aquaporins between chilling-tolerant and low temperature-sensitive rice varieties, and thereby identifi ed the OsPIP1 subfamily genes that show the closest relationship to chilling tolerance. We also demonstrate the enhanced chilling tolerance of transgenic rice plants that overexpress one of these OsPIP1 subfamily genes.
Results

Differences in chilling injury between rice varieties
Seedlings of rice varieties were treated with low temperature and their levels of chilling tolerance then compared ( Fig. 1A ) . Leaves of the chilling-tolerant seedlings, Somewake and Nipponbare, rolled slightly in response to low temperature (4°C) but recovered to their original shape after recovery (25°C). Somewake showed a slighter greater level of chilling tolerance than Nipponbare. In contrast, leaves of the low temperature-sensitive rice seedlings, Wasetouitu and IR36, rolled intensely under low temperatures and did not recover even after being returned to warm temperatures, with IR36 being considerably more low temperature sensitive that Wasetouitu.
The extent of electrolyte leakage (EL) from the leaves and roots of these four varieties was examined following chilling treatment ( Fig. 1B ) . The EL values of the leaves at 4°C were 21 and 9% for Somewake and Nipponbare, but 41 and 69% for Wasetouitu and IR36, respectively. On recovery at 25°C, the mean percentage EL values of the leaves were signifi cantly lower in the chilling-tolerant rice varieties (27%) than in the low temperature-sensitive rice varieties (78%). The root EL values showed similar differences at low temperature. These results indicate that the chilling-tolerant varieties suffered a minimal level of chilling injury. 
Characterization of OsPIP genes
Before examining the potential role of specifi c rice aquaporins in chilling tolerance, we characterized the OsPIP family members for differences in their levels of gene expression in the leaf and root as well as their effects on water permeability under non-stressed conditions. First we determined mRNA expression levels of 11 OsPIP genes in leaves and roots under non-stressed conditions. The mRNA levels of 11 OsPIP genes in the leaf and root of Somewake seedlings were determined by real-time PCR as shown in Fig. 2A . Of the 11 OsPIPs, 10 showed higher expression levels in the root than in the leaf, and this was most signifi cant for OsPIP1;3 , OsPIP2;3 , OsPIP2;4 and OsPIP2;5 . Only OsPIP2;7 showed higher expression levels in the leaf, while OsPIP2;8 showed only limited expression in both leaf and root. Gene expression levels of the OsPIP1 subfamily ( OsPIP1;1-OsPIP1;3 ) were higher than that of the OsPIP2 subfamily ( OsPIP2;1-OsPIP2;8 ) in the root. These Somewake OsPIP expression patterns were similar to those found in Nipponbare, Wasetouitu and IR36 (data not shown).
Secondly we determined water permeability of the 11 OsPIPs. The water permeability of the 11 OsPIP proteins was determined using Xenopus oocytes. OsPIP1;1, OsPIP1;2 and OsPIP1;3 showed extremely low water permeability, similar to the water permeability of oocytes injected with distilled water ( Fig. 2B ) . In contrast, all the OsPIP2 protein subfamily members displayed a high level of water permeability. The osmotic water permeability (Pf) values for OsPIP2;1, OsPIP2;2, OsPIP2; 6, OsPIP2; 7 and OsPIP2; 8 were 199.7, 193.5, 207.5, 194 .0 and 204.1 µ m s -1 , respectively. The PIP1 subfamily, which shows a low level of water permeability, appears to form heterotetramers when co-expressed with the PIP2 family of proteins in maize and barley ( Fetter et al. 2004 , Mahdieh et al. 2008 . For example, Fetter et al. (2004) reported that heterotetramers of the ZmPIP1 and ZmPIP2 subfamilies of maize showed higher water permeabilities than homotetramers of the ZmPIP2 subfamily. As such studies have not yet been reported for the rice aquaporins, we determined the effect of OsPIP1;3 heteromerization with the OsPIP2 subfamily on water permeability. As shown in Fig. 2C , OsPIP1 ;3 increased the water permeability of PIP2;2, and particularly of PIP2;4, but not of OsPIP2;3. P I P 1 : 3 P I P 2 : 2 P I P 1 : 3 + 2 : 2 P I P 2 : 3 P I P 1 : 3 + 2 : 3 P I P 2 : 4 P I P 1 : 3 + 2 : 4 O s P I P 1 ; 1 O s P I P 1 ; 2 O s P I P 1 ; 3 O s P I P 2 ; 1 O s P I P 2 ; 2 O s P I P 2 ; 3 O s P I P 2 ; 4 O s P I P 2 ; 5 O s P I P 2 ; 6 O s P I P 2 ; 7 O s P I P 2 ; 8 From the results presented in Fig. 1B , we assumed that rice chilling tolerance may be related to the regulation of the water balance between the leaf and root. Murai-Hatano et al. (2008) reported that root hydraulic conductivity decreased with decreasing root temperature and that addition of the aquaporin inhibitor, HgCl 2 , to the root medium reduced the osmotic exudation by 97% at 25°C. Therefore, in order to identify which of these aquaporins regulate the water balance under low temperature and so promote chilling tolerance of rice, we compared the expression profi les of all known aquaporin genes in rice roots at low temperature (4°C) and at the recovery temperature (25°C) between the chilling-tolerant variety, Somewake, and the low temperature-sensitive variety, Wasetouitu. The results, in which the expression levels at the initial temperature (25°C) of the rice roots are expressed as 1, are shown in Fig. 3 . Of the 34 aquaporins, for which we were able to synthesize appropriate amplifi cation primers, 18 showed expression pattern differences between Somewake and Wasetouitu, with four of the PIP family genes, OsPIP1;1 , OsPIP1;3 , OsPIP2;2 and OsPIP2;6 , showing the greatest differences. Among the TIP family genes, only OsTIP4;1 and OsTIP5;1 showed different expression patterns between Somewake and Wasetouitu, while several genes of the NIP and SIP families, such as OsNIP2;1 OsNIP3;1 OsNIP3;2 OsNIP4;1 OsSIP1;1 and OsSIP1;2 , showed different expression patterns between the two varieties. Aquaporin genes that showed the largest differences in expression between Somewake and Wasetouitu at 4°C were considered to be associated with the chilling tolerance of Somewake rice. Our main focus of study was on the OsPIP aquaporin gene family, as these plasma membrane-localized aquaporins may be considered as the main contributors to the regulation of the plant's water balance. When rice seedlings were allowed to recover from low temperature exposure, some of the aquaporin genes showed an increased expression in Somewake but not in Wasetouitu. We refer to these as a V-type expression pattern in Somewake and an L-type pattern of expression in Wasetouitu. On this basis, fi ve of the 11 OsPIP family genes ( OsPIP1;1 , OsPIP1;2 , OsPIP1;3 , OsPIP2;2 and OsPIP2;6 ) showed such V-L expression pattern differences, as shown by the arrows in Fig. 3 . We infer from these data that differences in the aquaporin gene expression patterns may refl ect variation in the chilling tolerance phenotypes of rice plants.
Expression patterns of 11 OsPIP mRNAs in four different rice varieties
Our results above demonstrated a distinctive V-L pattern of gene expression in several OsPIP family genes between Somewake and Wasetouitu following chilling treatment. We therefore examined in further detail the root expression patterns of the 11 OsPIP genes following chilling treatment in the two chilling-tolerant varieties, Somewake and Nipponbare, and in the two low temperature-sensitive varieties, Wasetouitu and IR36, with the expression levels now expressed as an absolute quantity (copy number) of mRNA ( Fig. 4A ). The three OsPIP1 subfamily genes showed the typical V-L expression pattern differences between the chilling-tolerant and -sensitive varieties, with the reduction in transcript levels at the chilling temperature and the subsequent transcript amounts at the recovery temperature closely resembling the relative cold sensitivities of the four varieties ( Fig.  1B ) . Of the eight OsPIP2 gene subfamily members, OsPIP2;2 , OsPIP2;4 and OsPIP2;5 showed changes in expression following chilling treatment and a V-L expression pattern similar to that of the OsPIP1 gene subfamily.
The amounts of OsPIP1 subfamily proteins and OsPIP2;1 protein in the root membrane fractions of the four rice varieties in response to chilling treatment were determined by Western blotting. The anti-OsPIP1s antibody used in this study recognizes all three OsPIP1 subfamily proteins equally ( Sakurai et al. 2005 ) . As shown in Fig. 4B , the membrane protein expression patterns of the OsPIP1 subfamily genes were comparable in the four rice varieties, with no changes in protein amounts in response to chilling treatment. Quantities of the OsPIP2;1 membrane proteins were also examined using an anti-OsPIP2;1-specifi c antibody, but the expression patterns were generally similar to that of the PIP1 subfamily proteins. These results suggest that, despite differences in transcript levels of OsPIP1 genes and OsPIP2;1 between rice varieties, these differences are not refl ected in changes in the amounts of aquaporin proteins in the plasma membrane. Our results above demonstrated that three of the OsPIP1 family genes showed considerable differences in expression between the chilling-tolerant and low temperature-sensitive rice varieties. We therefore focused our subsequent studies on the OsPIP1;3 gene as it is strongly expressed in the roots ( Fig. 2A ) , shows the typical V-L expression pattern between chilling-tolerant and -sensitive varieties ( Figs. 3 , 4A ) and has been the subject of continuous study in our group in relation to chilling tolerance ( Li et al. 2000 ) .
Differences in promoter nucleotide sequences and putative amino acid sequences of chilling-tolerant rice and low temperature-sensitive rice varieties
To examine whether differences between the chilling-tolerant and -sensitive varieties in their transcript patterns following chilling and recovery ( Fig. 4B ) could be attributed to differences in their promoter regions, we isolated, sequenced and compared the 5 ′ regulatory regions of the OsPIP1;3 genes from the chilling-tolerant rice varieties, Somewake and Nipponbare, and the low temperature-sensitive rice varieties, Wasetouitu and IR36 ( Fig. 5A ). Specifi c differences in the nucleotide sequences between the chilling-tolerant and -sensitive rice varieties were observed; most notably the six deleted regions in either the tolerant or sensitive varieties. Thus, regions 1 and 6 ( Fig. 5A ) are found in the chilling-tolerant varieties but deleted in the sensitive rice varieties, whereas regions 2, 3, 4 and 5 are present in the low temperature-sensitive varieties but deleted in the chilling-tolerant rice varieties. In addition to these, 34 single 1 bp polymorphisms were found between the chilling-tolerant and low temperature-sensitive rice varieties. These deletions and point mutations are located at sites distinct from known sequence motifs related to low temperature expression ( Seki et al. 2001 ) . 3 Expression profiles of 34 aquaporin genes in roots of chilling-tolerant and low temperature-sensitive rice varieties in response to chilling treatment. Seedlings of the chilling-tolerant rice variety, Somewake (So), and the low temperature-sensitive variety, Wasetouitu (Wa), were treated at 4°C for 24 h and then allowed to recover at 25°C for 24 h. The mRNA expression levels of the 34 aquaporin genes in the root were determined by real-time PCR. Results are shown as the relative expression level (copy number at 25°C being equivalent to 1). Gray bar, expression at 25°C; striped bar; expression at 4°C; black bar, expression at recovery at 25°C. Results are the means of three independent experiments. The typical expression patterns in response to 25°C, 4°C and recovery at 25°C are symbolized as either V type or L type expression patterns. OsPIP family genes were determined. Seedlings of the chilling-tolerant rice varieties, Somewake (So) and Nipponbare (Ni), and of the low temperature-sensitive varieties, Wasetouitu (Wa) and IR36 (IR), were treated at 4°C for 24 h and then allowed to recover at 25°C for 24 h. The gene expression levels in the root were determined by real-time PCR. Results are shown as mRNA copy number in 1 µ g of the total RNA. Gray bar, expression at 25°C; striped bar; expression at 4°C; black bar, expression at recovery at 25°C. Results are means of three independent experiments. (B) Levels of PIP1 family and PIP2;1 proteins in four rice varieties following chilling treatment. Total membrane proteins were isolated from the roots of four rice varieties that were either untreated (25°C) or treated at 4°C for 24 h and then allowed to recover for 24 h at 25°C (Re). The proteins were then separated and detected by Western blotting using anti-OsPIP1s or anti-OsPIP2;1 antibodies to detect the OsPIP1 subfamily proteins and OsPIP2;1 protein, respectively. The Coomassie brilliant blue-stained gel is shown as a loading control. Copy number/total RNA (µg)
Copy number/total RNA (µg)
Copy number/total RNA (µg) In addition, we compared the putative amino acid sequences of the proteins encoded by OsPIP1;3 in the four rice varieties. The results, as shown in Fig. 5B , indicate that the amino acid sequences of the three rice varieties, Somewake, Nipponbare and Wasetouitu, were almost identical, with only one residue difference, whereas IR36 showed somewhat more variation at two sites. The differences in water permeability between aquaporins are considered to be mainly related to their structural (amino acid sequence) differences. Suga and Maeshima (2004) reported that the water permeability of RsPIP1;3 in Japanese radish increased 2.5-fold by conversion of the isoleucine at position 244 to valine. In the OsPIP1;3 proteins, isoleucine is found in position 247, whereas the OsPIP2 subfamiliy proteins, which show a higher water permeability ( Fig. 2B ) , have a valine at position 247 or a leucine in the case of OsPIP2;8.
OsPIP transcript and protein expression patterns in Somewake seedlings following loss of chilling tolerance by caffeine pre-treatment
We previously reported that seedlings of the chilling-tolerant rice variety, Somewake, lost their chilling tolerance following caffeine pre-treatment of the root ( Kitagawa and Yoshizaki 1998 ) . Treatment of Somewake seedlings by low temperature induced leaf roll, but these recovered to their original shape when they were allowed to recover at warm temperature. In contrast, Somewake seedlings, in which the roots were pre-treated for 2 h with 20 mM caffeine, showed extensive leaf roll that did not recover even after recovery at warm temperatures ( Fig. 6A ) .
The above results suggested that Somewake lost its chilling tolerance phenotype in response to caffeine pre-treatment, and we therefore examined the changes in aquaporin gene expression and protein levels during this loss of chilling tolerance in the rice plants. As shown in Fig. 6B , all the PIPs, except OsPIP2;7 and OsPIP2;8 , showed lower levels of expression in Somewake pre-treated with 20 mM caffeine and then exposed to low temperature than in control Somewake without chilling treatment. The expression levels of OsPIP1;3 were particularly reduced by low temperature. The OsPIP1;3 transcript levels in caffeine-treated and -untreated Somewake seedlings were confi rmed by Northern blot analysis and the patterns found to concur with the real-time PCR data ( Fig. 6C ) . Changes in plasma membrane-localized OsPIP1;3 protein levels, in response to chilling or recovery and in the presence or absence of caffeine, were then examined by Western blotting using a OsPIP1;3-specifi c antibody ( Fig. 6D ). The OsPIP1;3 protein expression patterns between caffeine-treated and non-treated Somewake seedlings were essentially similar, and did not refl ect the OsPIP1;3 mRNA expression patterns shown in Fig. 6C . Although the OsPIP1 subfamily genes did not show V-L expression patterns in the control and caffeine-treated seedlings, the reduction in transcript levels by low temperature and the loss of chilling tolerance of Somewake by caffeine suggest a close relationship between OsPIP1 subfamily gene expression and chilling tolerance of rice.
Chilling tolerance of transgenic rice overexpressing OsPIP1;3
Based on the aquaporin expression profi les of rice seedlings in response to chilling treatment ( Fig. 4 ) and of the caffeinetreated Somewake seedlings, some PIPs, especially those of the PIP1 subfamily with a V-L type of expression, may be putative candidates contributing to the chilling tolerance of rice. We therefore developed transgenic rice plants overexpressing OsPIP1;3 and examined them for chilling tolerance and for changes in their aquaporin gene expression patterns. Transgenic rice plants of Zhonghua 11 (OE1), in which OsPIP1;3 was placed under the control of the maize ubiquitin promoter, were developed by Agrobacterium -mediated transformation. The T 2 generation of OE1 plants were essentially similar to the untransformed control plants of Zhonghua 11 (Cont) , in terms of total plant height and growth rate, but showed slightly reduced root length and faster leaf elongation rates compared with the control plants. However, there were clear differences between the transgenic OE1 and control plants when they were exposed to low temperature. The leaves of the OE1 plants rolled slightly in response to low temperature but recovered under recovery treatment ( Fig. 7A ) , similar to the chilling tolerance of Somewake, whereas leaves of the control plants did not recover even after recovery ( Fig. 7A ) . Examination of the OsPIP1;3 gene expression levels showed them to be 257-fold higher in the leaves and 10-fold higher in the roots of the OE1 plants than those of the control plants (as calculated from the mRNA copy numbers at 25°C). Thus, as a result of overexpression, the OsPIP1;3 transcript levels became almost equivalent in the OE1 plant leaves and roots despite the large differences in OsPIP1;3 expression between these tissues in the control plants. Furthermore, while the control plants showed large reductions in OsPIP1;3 transcript levels in the leaf and root by chilling treatment, the transgenic OE1 plants showed no or minimal reductions in OsPIP1;3 transcript levels in their leaf and root at low temperature ( Fig. 7B ) .
Measurements of leaf and root PIP1;3 protein levels by Western blotting showed that these protein levels were signifi cantly higher in the OE1 plants than in the control plants ( Fig. 7C ) . As observed previously for the different varieties and for the caffeine-treated Somewake lines ( Figs. 4B, 6D ), protein levels in the control and OE1 plants in response to chilling did not refl ect the transcript expression patterns ( Fig. 7C ). . The middle panel shows the results of Northern blotting using the 32 P-labeled OsPIP1;3 cDNA as probe, and the lower panel shows the ethidium bromide-stained gels of total RNA. (D) Total membrane proteins were isolated from the roots of Somewake seedlings either untreated (25°C) or treated at 4°C for 24 h and then allowed to recover for 24 h at 25°C (Re). The proteins were separated and detected by Western blotting using anti-OsPIP1;3-specifi c antibodies. The Coomassie brilliant blue-stained gel is shown as a loading control. 
Discussion
From the expression profi les of 34 aquaporin genes in two rice varieties differing in their level of chilling tolerance, and the profi les of 11 OsPIP family genes in response to chilling treatment, we initially postulated that the OsPIP1 subfamily of aquaporin genes are associated with the chilling tolerance of rice. We identifi ed a distinct gene expression pattern, which we refer to as a V-L type of response, between the chilling-tolerant and -sensitive varieties that is observed during the recovery from chilling treatment and which correlates closely with the extent of low temperature sensitivity of four different varieties. We subsequently examined the relationship between OsPIP subfamily gene expression and changes in chilling tolerance of the rice variety, Somewake, by caffeine pre-treatment. The caffeine-treated Somewake seedlings lost their chilling tolerance, but did not change their PIP1 expression patterns from the V type (control, untreated plants) to an L type (caffeine-treated plants) of response following chilling treatment. In addition, we developed transgenic rice plants (OE1) overexpressing OsPIP1;3 in the variety, Zhonghua 11, to clarify the relationship between PIP1 gene subfamily expression and chilling tolerance. Although the transgenic plants showed a chilling-tolerant phenotype, their OsPIP1;3 expression profi le did not change from an L type (control plant roots) to a V type of response (OE1 roots) following chilling treatment. However, in both the caffeine-treated Somewake seedlings and in the control Zhonghua 11 plants, there was a signifi cant reduction in OsPIP1;3 transcript levels at 4°C that was not observed in the control, caffeine-untreated Somewake seedlings or in the OE1 transgenic plants. These fi ndings may suggest that there are different mechanisms regulating chilling tolerance in the different rice varieties, and that these are differently affected by caffeine treatment of the Somewake seedlings or by overexpression of OsPIP1;3 in the transgenic Zhonghua 11 plants. However, it is interesting that a phenotypic difference in the extent of chilling tolerance refl ects the differences in expression pattern of the OsPIP1 subfamily genes. From these results, we conclude that the OsPIP1 subfamily genes are closely related to chilling tolerance of rice.
To elucidate further the relationship between aquaporins and rice chilling tolerance, we focused our further studies on the OsPIP1;3 gene.
In order to examine whether the differences in the OsPIP1;3 transcript patterns between the chilling-tolerant and -sensitive varieties were at all related to differences in their promoter sequences, we compared the promoter regions of two chilling-tolerant varieties with those of two chilling-sensitive varieties. Although several nucleotide regions of OsPIP1;3 were found to be deleted in either the tolerant or sensitive varieties, none of these variations was found in specifi c sequence motifs that were previously associated with low temperature expression ( Seki et al. 2001 ) . It is clear that further work on these promoters, such as through mutational analysis, is required in order to clarify the differential expression patterns of these genes in chilling-tolerant and -sensitive varieties in response to chilling treatment.
Fig. 7
Chilling tolerance and characterization of transgenic rice overexpressing OsPIP1;3. Phenotypic differences between the untransformed control Zhonghua 11 (Cont, low temperature-sensitive rice variety) and its OsPIP1;3-overexpressing transgenic counterpart (OE1) either untreated (25°C) or treated at 4°C for 24 h and then allowed to recover for 24 h at 25°C (Re). (B) Gene expression levels in untransformed control Zhonghua 11 (Cont) and transgenic (OE1) plants following chilling treatment. Gene expression levels were determined by real-time PCR and are shown as mRNA copy number. Gray bar, expression at 25°C; striped bar; expression at 4°C; black bar, expression at recovery at 25°C. Results are means of three independent experiments. (C) Protein expression levels of OsPIP1;3 in leaves and roots of untransformed control Zhonghua 11 (Cont) and transgenic (OE1) plants either untreated (25°C) or treated at 4°C for 24 h and then allowed to recover for 24 h at 25°C (Re). The proteins were separated and detected by Western blotting using anti-OsPIP1;3-specific antibodies. The Coomassie brilliant blue-stained gel is shown as a loading control. Despite the large changes in OsPIP1;3 transcript levels in response to chilling treatment in the different rice varieties (V-L expression pattern), in the caffeine-treated Somewake seedlings and also in the Zhonghua 11 rice plants, there were hardly any effects of chilling on the amounts of the plasma membrane-localized OsPIP1;3 protein. This is as would be expected, since the short 24 h period of chilling treatment would be suffi cient to change OsPIP1;3 gene expression levels rapidly, but ineffective in reducing the amount of OsPIP1;3 proteins within the plasma membrane. However, as the increased OsPIP1;3 transcript levels in the roots and leaves of the OE1 transgenic plants were refl ected in increased protein levels, it is apparent that the amount of OsPIP1;3 proteins within the plasma membrane is primarily under transcriptional control. Such a regulation may also explain why no major differences were observed in the OsPIP1;3 amino acid sequences between the chilling-tolerant and -sensitive varieties. The OsPIP1s or OsPIP1;3 proteins of Wa, Cont and OE1 in Figs. 4B , 6D and 7C increased slightly under low temperature (4°C) treatment. Increased amounts of aquaporin proteins under low temperature have also been reported in maize root ( Aroca et al. 2005 ) . It was suggested that the accumulation of H 2 O 2 or phosphorylation of aquaporin may be closely related to the increases in aquaporin.
We further determined that while members of the OsPIP1 gene subfamily have a high level of expression in roots, their protein products show very little water permeability. In contrast, the OsPIP2 gene subfamily members have lower levels of root gene expression and their proteins show very high levels of water permeability. From experiments in which the OsPIP1;3 and OsPIP2 subfamily genes were co-expressed in Xenopus oocytes, we found that the water permeability of OsPIP2;2, and especially OsPIP2;4, was signifi cantly increased. From these results, we conclude that specifi c members of the OsPIP2 protein subfamily can be activated by heteromerization with OsPIP1 protein subfamily members, thus promoting their transport to the plasma membrane. In such a model, the seedlings of chilling-tolerant rice varieties or transgenic rice would be expected to show slight increases in water permeability that would then result in amelioration of the damage following cold treatment and recovery under warm temperatures.
We previously reported that overexpression of OsPIP1;3 (RWC3), under control of the dehydration stress-inductive promoter, SWPA2, in transgenic rice plants resulted in an increase in their dehydration resistance ( Lian et al. 2004 ). However, overexpression of PIP genes in tobacco or Arabidopsis has been reported to make these plants hypersensitive to low temperatures and dehydration ( Martre et al. 2002 , Siefritz et al. 2002 . In this current work, we have shown that overexpression of OsPIP1;3 enhances the chilling tolerance of the transgenic rice plants, thus demonstrating clearly for the fi rst time that the OsPIP1 subfamily gene members are related to chilling tolerance of rice. Further work is clearly required to determine the precise mechanisms regulating OsPIP1 subfamily gene expression, the exact functions of the OsPIP1 proteins and the mechanisms by which OsPIP1 overexpression enhances the chilling tolerance of the OsPIP1-overexpressing transgenic plants. We have now produced numerous new OsPIP1;3-overexpressing rice lines (T 1 generation) and are currently analyzing their properties.
Materials and Methods
Plant materials and growth conditions
Two chilling-tolerant rice varieties, Oryza sativa L. var. Somewake and Nipponbare, and two low temperature-sensitive rice varieties, O. sativa L. var. Wasetouitu and IR36, were used in this study. The rice growth conditions were essentially similar to those described previously ( Li et al. 2000 ) . Rice seeds were sterilized by soaking in 1,000-fold diluted fungicide (Benomyl) in distilled water at 25°C for 3 d. The imbibed seeds were then placed on gauze set on the top of 100 ml disposable plastic cups and allowed to germinate in distilled water for another 2 d. Subsequently, the distilled water was replaced with 2/5 diluted Hoagland's culture medium [2 mM Ca(NO 3 ) 2 , 2 mM KNO 3 , 0.8 mM MgSO 4 , 0.01 mM FeSO 4 -EDTA in tap water (pH 5.2)] in which the rice seedlings were grown for an additional 12 d. The growth conditions were set to 25°C in a 12 h light (250 µ mol m −2 s −1 )/12 h dark cycle, and a humidity of 50-60% (light)/70-80% (dark). The following experiments were performed using rice seedlings grown as above until the third leaf stage.
Chilling and chemical treatments
Rice seedlings, grown at 25°C for 17 d until the third leaf stage, were transferred into cold Hoagland's medium (4°C) at the start of the light cycle and incubated for 24 h in a growth chamber at 4°C (chilling) and then transferred to a growth chamber at 25°C and allowed to recover for a further day (recovery). For chemical treatment, caffeine anhydrous 1,3,7-timethylxanthine (20 mM; Wako Pure Chemical Industries, Ltd., Osaka, Japan) was dissolved in distilled water and adjusted to pH 5.2. For treatment of roots with caffeine, the Hoagland's medium was exchanged for caffeine solution and treatment allowed to proceed for 2 h in a growth chamber at 25°C. Subsequently, the roots were washed in distilled water (pH 5.2), and the seedlings then returned to Hoagland's medium and exposed to low temperature (4°C) for 24 h.
Isolation of rice aquaporin genes
To isolate the 11 types of OsPIP genes known in rice, mRNA was extracted from leaf or root tissues of Nipponbare rice using the Oligotex™-dT30 (Super) mRNA Purifi cation kit (TAKARA BIO INC., Shiga, Japan), and cDNAs then synthesized using oligo(dT) primer. The relevant genes were amplifi ed from the cDNA using the Primescript™ High Fidelity RT-PCR kit (TAKARA BIO INC.) together with the appropriate primer pairs that included restriction enzyme sites at the 5 ′ and 3 ′ ends of each open reading frame (ORF). The amplifi ed products were cloned into pUC119 and their identity was confi rmed by nucleotide sequence analysis.
Rice transformation
Clone OsPIP1;3 in pUC119 was double digested with Xba I and Sac I and inserted into the Spe I and Sac I sites of the Ti plasmid binary vector, pIGpUBiBS1 (S.Yousefi an, unpublished), under control of the maize ubiquitin promoter and the nopaline synthase terminator. The recombinant Ti plasmid was introduced into Agrobacterium tumefaciens EHA101 by electroporation, and bacteria used to infect small calli of the low temperature-sensitive Chinese rice variety, 'Zhonghua 11' ( Lian et al. 2004 ). The infected calli were cultured and selected on hygromycin and regenerated by standard protocols. The stable integration of OsPIP1;3 in the transgenic rice was confi rmed by genomic PCR.
Total RNA extraction and real-time PCR
Leaf and root tissues of rice were harvested, immediately frozen in liquid nitrogen and then ground to a powder using a Multi Beads Shocker (Yasui Kikai, Osaka, Japan). Total RNA was extracted from the crushed tissue using an RNeasy Plant Mini kit (Qiagen Sciences, Germantown, MD, USA) and treated with DNase I for 30 min. The cDNA was synthesized from total RNA with a Primescript RT reagent kit (TAKARA BIO INC.). Quantitative real-time reverse transcription-PCR (RT-PCR) was performed using cDNA and a specifi c primer for each gene, and SYBR Premix Ex Taq (TAKARA BIO INC.) in a Thermal Cycler Dice™ Real Time System (TP800, TAKARA BIO INC.). The real-time PCR was one cycle of 95°C/10 s; 40 cycles of 95°C/5 s and 60°C/30 s, one cycle of 95°C/10 s and 60°C/30 s, and one cycle of 95°C/15 s.
swelling measured with a digital camera (Shimazu, Kyoto, Japan) and the size calculated with Motic Images Plus 21S software (Shimazu). The water permeability (osmotic water permeability coeffi cient, Pf) was calculated from the osmotic swelling data, as:
with the initial oocyte volume (V = 9 × 10 -4 cm 3 ), relative volume (V/V 0 ), surface area of the oocyte (S = 0.045 cm 2 ) and the molecular volume of water (V w = 18 cm 3 /mol) ( Katsuhara et al. 2002 ) .
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